In virtually all mammalian cells, the traditional roles of the Na^+^/K^+^ pump include establishing and maintaining transcellular gradients of Na^+^ and K^+^ and modulating steady-state gradients of H^+^ and Ca^2+^. By regulating intracellular Na^+^, \[Na^+^\]~i~, the Na^+^/K^+^ pump also makes a major contribution to cellular volume control, although some aspects of this modulation of osmolarity are not completely understood ([@bib4]). Additional roles of the Na^+^/K^+^ pump arise from the fact that it is electrogenic: specifically, 3 Na^+^ are extruded from the cell for every 2 K^+^ that are taken up. The resulting small net outward current is functionally important, as is the dependence of this pump on \[Na^+^\]~i~, which can change rapidly and substantially. In this issue of *The Journal of General Physiology*, Lu and Hilgemann reveal that \[Na^+^\]~i~ usually remains relatively constant in healthy adult ventricular myocytes and that the decline in Na^+^/K^+^ pump current during continuous stimulation is caused by an inactivation mechanism.

In many tissues, including epithelia, endothelia, and the atria and conduction system of the heart, the net outward current generated by the Na^+^/K^+^ pump operating through a very high input resistance is sufficient to generate a hyperpolarizing influence of ∼5 mV. Moreover, the fundamental physicochemical properties of this ATP-requiring pump are such that it can contribute to the after-potential profile in a variety of nerve cells, especially following periods of intense firing ([@bib33]; but see [@bib39]). Similarly, this pump current can result in a significant and quite long-lasting hyperpolarization and change in excitability after bouts of relatively high heart rate in the cardiac conduction system. This has been termed overdrive suppression in these cardiac Purkinje fibers (cf, [@bib6]). A somewhat similar phenomenon may contribute to postrepolarization refractoriness in mammalian atrial myocytes in settings such as paroxysmal fibrillation (cf, [@bib23]). Many of these Na^+^/K^+^ pump--induced (or regulated) phenomena can be explained by the pronounced dependence of the turnover rate of the predominant isoforms of this active transporter on the precise levels of \[Na^+^\]~i~ ([@bib14]; [@bib24]). However, it is now known that several critical aspects of this regulation are based on the exact microanatomical localization and tethering of both the α and the β subunits of the predominant Na^+^/K^+^ pump isoforms. In some cells, there is evidence that the Na^+^/K^+^ pump is colocalized with other Na^+^-dependent antiporters (e.g., Na^+^/Ca^2+^ exchangers) and that the integral membrane proteins may function interdependently (cf, [@bib11]).

\[Na^+^\]~i~ and the late Na^+^ current in the heart {#s02}
====================================================

The importance of \[Na^+^\]~i~ as a primary regulator of the Na^+^/K^+^ pump has recently been brought into focus by work suggesting that a slowly inactivating or late component of the same Na^+^ current, which produces action potential depolarization and is essential for regenerative excitability, does not fully inactivate or turn off in certain cell types, e.g., cardiac Purkinje fibers and some "pacemaker neurons" (cf, [@bib1]). As a result, the total Na^+^ influx far exceeds the Na^+^ entry that corresponds to the action potential upstroke ([@bib21]; [@bib31]). Interestingly, the late Na^+^ current I~Na-L~ can be detected in healthy human ventricular myocytes, where it contributes to the plateau of the action potential and lengthens action potential duration by perhaps 10% at physiological heart rates ([@bib43]). Importantly, this same current is enhanced in a variety of tissues, including the heart during hypoxia, ischemia, progressive type I or type II diabetes and conditions of reduced (acidic) pH ([@bib35]). Moreover, several point mutations in both cardiac and nerve Na^+^ channels that produce or contribute to arrhythmogenesis, or enhance CNS epileptic activity, do so by slowing or removing Na^+^ current inactivation and thus augmenting I~Na-L~ ([@bib5]). In the mammalian heart, including human atria, ventricles, and the conduction system, the downstream consequences of this extra Na^+^ influx are thought to be quite significant. This is based on evidence that this transmembrane Na^+^ influx does not lead to a Na^+^ concentration increase that is distributed uniformly in the myoplasm, but rather remains localized and therefore concentrated in a spatially restricted subsarcolemmal area, which has been denoted "the fuzzy space" (cf, [@bib8]; [@bib38]). An important consequence of this working hypothesis is that \[Na^+^\]~i~ can, in principle, increase quickly and substantially. The resulting reduction in the electrochemical gradient for Na^+^ could reduce and possibly reverse the Na^+^/Ca^2+^ exchanger, thus giving rise to abnormally high and long lasting intracellular Ca^2+^ (\[Ca^2+^\]~i~). This increase could alter contractility ([@bib18]; [@bib19]; [@bib32]; [@bib2]) and may cause a marked tendency to initiate and maintain abnormal rhythms. These arrhythmias are denoted "early or late" afterdepolarizations depending on whether they arise at the plateau of the action potential or in diastole (i.e., from the resting potential). Key parts of this scenario remain unproven ([@bib7]; [@bib12]). However, it is very clear that drugs that selectively reduce or completely block I~Na-L~ have significant antiarrhythmic activity in both animal models and phase I clinical trials ([@bib5]; [@bib43]).

The late Na^+^ current does not change \[Na^+^\]~i~ {#s03}
===================================================

A paper from the Hilgemann group ([@bib28]) in this issue of JGP presents important new information concerning the relationship between Na^+^ influx, related changes in Na^+^/K^+^ activity, and the volume of distribution for Na^+^ ions in healthy adult ventricular myocytes. Many of these findings challenge the fundamental tenets of the prevalent working hypothesis, which states that I~Na-L~ increases \[Na^+^\]~i~. Specifically, their firm conclusion is that I~Na-L~, even when activated at super normal levels, does not significantly change \[Na^+^\]~i~. In fact, their principal finding is that, although Na^+^/K^+^ pump turnover rate and hence electrogenic current is regulated strongly by \[Na^+^\]~i~, the Na^+^/K^+^ pump current declines even at a fixed value of \[Na^+^\]~i~ within the physiological range (6--12 mM). [@bib28] conclude that this decline results from the development of inactivation due to failure of this integral membrane protein to be able to transition from one of the critically important steps in the reaction scheme that is essential for this coupled Na^+^ "out" for K^+^ "in" active transport. Their insights are made possible by clever and rigorous applications of sophisticated patch clamp recordings and perfusion methods that this group have previously developed and perfected ([@bib25]). Their approach consistently provides high-resolution records (obtained at 37°C) of small transmembrane currents for relatively long time periods in conjunction with sequential and rapid changes in patch perfusion and intracellular dialysis. In addition, high-resolution measurements of cell capacitance provide new information concerning intramembrane charge movements, which can be related to individual steps in the Na^+^/K^+^ ion exchange transport cycle ([@bib29]).

Illustration of background currents in a human atrium myocyte {#s04}
=============================================================

As an introduction to the main findings in [@bib28], it is useful to recall the relative sizes and temporal relationships of the main background currents in a human heart myocyte. This information is illustrated in [Fig. 1](#fig1){ref-type="fig"}. The chosen example is a human atrial action potential computed using the relatively recent and comprehensive mathematical model published by [@bib23]. [Fig. 1 A](#fig1){ref-type="fig"} shows a nonconducted or membrane action potential generated by this idealized in silico human atrial myocyte. [Fig. 1 B](#fig1){ref-type="fig"} shows the associated or underlying inwardly rectifying K^+^ current. Note that at rest (or in diastole), this current has a steady outward level, but that during the action potential this current is reduced dramatically and in a nonlinear fashion (cf, [@bib22]). The electrogenic Na^+^/K^+^ pump current is shown in [Fig. 1 C](#fig1){ref-type="fig"}. Two components are noteworthy: (1) there is a maintained or steady electrogenic outward current even in diastole, and (2) the action potential waveform results in an additional outward pump current due to the intrinsic voltage dependence of this integral membrane protein. For completeness, the Na^+^/Ca^2+^ exchanger current is shown in [Fig. 1 D](#fig1){ref-type="fig"}. In this figure, each of the currents is expressed in terms of the respective current density (A/F). As a result, these values can be related directly to the data (expressed as pA/pF) that are presented in [@bib28]. However, we note that the action potential and the underlying transmembrane currents in human atrium and mouse ventricular myocytes differ substantially.

![**Simulated action potential and currents of a human atrial myocyte.** The model of [@bib23] was used to calculate the (A) membrane voltage and underlying currents at a pacing rate of 1 Hz. The action potential was triggered by a stimulus current at *t* = 50 ms. The inward rectifier K^+^ current is shown in B. Currents through the Na^+^-K^+^ pump and Na^+^-Ca^2+^ exchanger are displayed in C and D, respectively.](JGP_201711826_Fig1){#fig1}

Significant new findings and insights {#s05}
=====================================

The results obtained by [@bib28] define and clarify the short- and long-term relationships between maintained transmembrane Na^+^ influx, arising from veratridine-modified (and therefore slowly inactivating or noninactivating) Na^+^ channels, and related increases in \[Na^+^\]~i~ at a physiological temperature of 37°C. In marked distinction to much of the literature concerning the effects of I~Na-L~, these authors find very little or no increase in \[Na^+^\]~i~ provided that the Na^+^/K^+^ pump is operative at physiological turnover rates and expression levels (see also [@bib7]). This finding is put in context and rationalized using an appropriate model of the electrogenic Na^+^/K^+^ pump coupled to equations for veratridine-modified Na^+^ channels, together with detailed considerations and deductions about the actual volume of distribution for monovalent ions such as Na^+^ within an adult ventricular myocyte. The initial or baseline dataset confirms the well-known voltage and \[Na^+^\]~i~ dependence of the Na^+^/K^+^ pump ([@bib16]; [@bib26]; [@bib34]) but also reveals a decline in this electrogenic current that the authors suggest and then demonstrate is caused by a novel and potentially important \[Na^+^\]~i~-dependent inactivation mechanism. Thus, when \[Na^+^\]~i~ increases from its baseline value of ∼8 mM, the Na^+^/K^+^ pump and corresponding electrogenic current rapidly declines (Fig. 2 in [@bib29]). [@bib28] explain this inactivation with reference to a well-established multistep Na^+^/K^+^ pump reaction mechanism. This new insight is based mainly on their high-resolution measurements of changes in total myocyte capacitance under conditions where all other ion channel and exchanger-mediated mechanisms have been blocked (see Fig. 4 in [@bib28]; and Figs. 2 and 3 in [@bib29]). In aggregate, their primary data and semiquantitative analysis also suggest that this inactivation mechanism is voltage dependent. The novel findings in this paper clarify and further define key aspects of the cellular regulation of \[Na^+^\]~i~ under physiological conditions and in important pathophysiological settings (cf, [@bib15]; [@bib31]). In the mammalian myocardium, these include (a) some of the changes in action potential duration and contractility caused by maintained changes in heart rate ([@bib9]; [@bib19]) and (b) the precise electrolyte balance in the myocardium that can regulate the onset and duration of atrial fibrillation and its sensitivity to drug therapies ([@bib23]). It is also known that in heart failure, and in association with several different cardiomyopathies (including diabetes), the enhanced generation of intracellular reactive oxygen species can markedly augment I~Na-L~, which has been suggested to result in increased \[Na^+^\]~i~ ([@bib5]).

Opportunities for additional study and documentation {#s06}
====================================================

When these new findings and their potentially important implications are further documented and refined, it will be important to consider several factors. (a) The ventricular myocyte (in particular the mouse ventricular myocyte) has an extensive transverse-axial tubular system ([@bib13]; [@bib20]; [@bib17]). As is the case in skeletal muscle, this microanatomical structure corresponds to a restricted space where both diffusion and expression levels for key ion channels are significantly different from the surface membrane or sarcolemma. An important example of this is the expression of the relatively large and nonlinear K^+^ conductance that is mainly responsible for the resting potential in the mammalian ventricle (see [Fig. 1 B](#fig1){ref-type="fig"}). We note that [@bib28] use changes in \[K^+^\]~o~ as the main driver or stimulus in their measurements of the Na^+^/K^+^ pump. The restricted diffusion in the extracellular space corresponding to the transverse tubule system can result in marked and long-lasting changes in localized \[K^+^\]~o~ levels; and, in principle, this could alter the time course of the electrogenic Na^+^/K^+^ pump current. Moreover, the fact that these inwardly rectifying K^+^ channels can act as very sensitive sensors of \[K^+^\]~o~, and that their ion transfer or current voltage relationship is not only nonlinear but exhibits the so-called "crossover phenomenon" when \[K^+^\]~o~ changes by as little as 1--2 mM, needs to be taken into account ([@bib3]; [@bib41]). One way to do this would be to carry out a series of experiments using Purkinje cells from the cardiac conduction system because they are known to have little or no transverse tubule system.

\(b\) Future studies may also need to more explicitly take into account the presence of distinct isoforms of the Na^+^/K^+^ pump α and β subunits (cf, [@bib14]; [@bib11]). Changes in the expression levels of either or both of these could alter important details of the inactivation process, which is a key finding in healthy mouse ventricular myocytes.

\(c\) Some of the classical literature concerning regulation of the Na^+^/K^+^ pump in red blood cells provides convincing evidence that ATP, the main energy source for this electrogenic transport mechanism, is highly localized ([@bib10]). This possibility is addressed to some extent in the experiments in this paper. However, when these data are considered or applied in physiological or some pathophysiological contexts (e.g., the ischemic heart, or ischemia reperfusion), limitations of ATP supply and hence reduced pump activity may need to be considered.

\(d\) Without doubt, the most significant opportunity and challenge with respect to the data presented in this paper (and its extensive Supplemental material) concerns whether and the extent to which these solid, significant new findings apply to pathophysiological and/or chronic disease settings. In many of these, there is evidence that Na^+^/K^+^ pump activity changes and \[Na^+^\]~i~ homeostasis is progressively altered; thus, these factors are considered to be important elements of the proarrhythmic and/or hypokinetic substrate ([@bib26]; [@bib15]; [@bib11]; [@bib31]).

Overall, our assessment is that the Hilgemann laboratory have provided convincing evidence that there is no simple relationship between either physiological or augmented transmembrane Na^+^ influx and any measurable change in \[Na^+^\]~i~ in healthy adult mouse ventricular myocytes. Rather, their results present a strong case that \[Na^+^\]~i~ shows impressive stability as long as the expression levels and turnover rates of the Na^+^/K^+^ pump are maintained and \[Ca^2+^\]~i~ is unchanged. The second new finding is that the same increases in \[Na^+^\]~i~ that are well documented to enhance Na^+^/K^+^ pump turnover rate (and hence electrogenic current) can also introduce a relatively rapid, transient inhibition, termed "Na^+^-dependent inactivation." Going forward, these findings will be useful and may be essential in contexts far beyond cardiac or CNS electrophysiology. Two important examples of this are as follows. (1) Several papers have identified markedly augmented slowly inactivating Na^+^ current in settings of sterile inflammation ([@bib40]; [@bib30]). (2) It is apparent that there is an absolute requirement for the transformed target cells (usually fibroblasts) that are used as the key element in Regenerative Medicine to exhibit precise and long-lasting electrolyte and osmotic stability ([@bib36]; [@bib37]; [@bib42]; [@bib27]). Emerging procedures and clinical paradigms based on these transformed fibroblasts must take careful account of established knowledge and new information about \[Na^+^\]~i~, such as the dataset and insights provided in this paper.

Overall, in our view, the Hilgemann group has once again produced innovative, thorough, and comprehensive work that very likely will have long-term significance.
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